In this study, Ni 65 Cr 15 P 16 B 4 glassy alloy-coated bipolar plates with a hydrophilic surface were produced and the power generation properties of a single fuel cell with such plates were investigated, SUS316L and graphite bipolar plates also being produced for comparison. The fuel cell with the glassy alloy-coated bipolar plates showed good IV performance after repeated IV scans for membrane activation as did the cell with the graphite bipolar plates. After 30 IV scans for activation, a long-time power generation test for 100 h was conducted at a current density of 0.2 A·cm ¹2 . As a result, it was found that the fuel cell with the glassy alloy-coated bipolar plates showed stable power generation behaviour, maintaining the cell voltage at around 0.6 V. Impedance measurements were also conducted for the cells and it was found that it was possible to understand the difference of IV behaviour between the cells with three different bipolar plate materials by calculating the impedance parameters.
Introduction
It is well-known that the characteristics of glassy alloys are quite different from those of crystalline alloys. For example, glassy alloys have neither crystalline grains nor grain boundaries surrounding grains, leading to the formation of dense and homogeneous passive film on the surface. In general, therefore, glassy alloys show excellent corrosion resistance. 1, 2) We have previously focused on their good corrosion resistance and have studied the possibility of employing a glassy alloy as a bipolar plate material for a proton exchange membrane fuel cell (PEMFC). 3, 4) Fuel cells are recognized as strong candidates for a new clean power source. 5) Further development is needed before fuel cells can be employed in our daily life, and numerous efforts have been devoted to overcome the technical difficulties of fuel cell technology. It is necessary to use metallic bipolar plates to reduce fuel-cell volume. However, the corrosive acid environment inside a fuel cell is harmful to conventional metallic materials. Thus, corrosion-resistant alloys should be used for bipolar plates. 612) In this study, Ni 65 Cr 15 P 16 B 4 glassy alloy-coated bipolar plates were produced by using high velocity oxy-fuel (HVOF) spraying. Hydrophilic treatment for the surface of those bipolar plates was then conducted to suppress unstable power generation due to the flooding caused by the water produced inside the fuel cell. 13, 14) Power generation tests were conducted for a single fuel cell with the new bipolar plates produced in this study. The resistance of the bipolar plates was also estimated by electrochemical impedance analysis.
Experimental Procedures
In the present study, the Ni 65 Cr 15 P 16 B 4 glassy alloy was adopted because of its good corrosion resistance. 1) Mother alloy ingots were synthesized by arc-melting the raw materials, i.e., Ni, NiP, Cr, NiB and B in a dilute Ar atmosphere. Glassy alloy powder was then produced by gasatomizing those mother alloy ingots and was used for spray coating.
Three different materials for bipolar plates were prepared in this study, namely, SUS316L stainless steel, graphite and NiCrPB glassy alloy. Figure 1 shows the outer view and a flow field of a bipolar plate prepared in this study. The area of the flow field is 25 cm 2 . The bipolar plate is 95 mm long, 95 mm wide and 19 mm thick, different from that in our previous report. 4) A glassy alloy-coated bipolar plate was produced by spray-coating the glassy alloy on the surface of the SUS316L bipolar plate. A high velocity oxy-fuel (HVOF) thermal spray system (PRAXAIR/TAFA, JP-5000) was used to produce Ni 65 Cr 15 P 16 B 4 thick coating film on a high corrosion-resistant SUS316L stainless steel bipolar plate with a flow field. The glassy alloy film thickness was about 200 µm.
After that, the Ni 65 Cr 15 P 16 B 4 -coated bipolar plates were subjected to hydrophilic surface treatment. They were immersed in piranha solution (H 2 SO 4 : H 2 O 2 = 4 : 1, v/v) to remove the oxide layer on the glassy alloy surface and washed several times with distilled water. The bipolar plates were then exposed for 10 min to low-pressure plasma (Diener Electronic, FEMTO, 40 kHz/100 W).
A single fuel cell was assembled with a membraneelectrode assembly (MEA) and two bipolar plates prepared in this study. The MEAs were purchased from Electrochem, Inc and a new MEA was used for each measurement. Power generation characteristics of single fuel cells were evaluated by using an automatic fuel-cell test system (Toyo Corp., AutoPEM). The power generation measurements were conducted at a cell temperature of 353 K. The relative humidity inside a cell was 67 RH%. Pure H 2 and O 2 gases were used in this study. The gas flow rate was 0.7 L·min ¹1 . The electrochemical impedance of the fuel cells was also measured to evaluate the effect of changing the bipolar plate material on the total resistance and electrode catalytic reactivity of a fuel cell. Impedance analyses were conducted for the frequency range of 10 kHz to 0.1 Hz with a AC current perturbation fixed to 10% of the load DC current. The impedance parameters were calculated by using an ideal equivalent circuit. Figure 2 shows an ideal equivalent circuit describing a fuel cell. An electrical double layer was formed along the boundary between the electrode and the polymer electrolyte, showing a capacitance (C 1 ). The resistance R 0 includes the membrane resistance, bipolar plate resistance and contact resistance. The resistance R 1 mainly comes from the resistance of the electrode catalytic reaction.
A single fuel cell consists of two electrodes, "cathode" and "anode", so, it has two different time constants in the system. 15) Indeed, complicated impedance behaviour with two different time constants can be seen by using air as the cathode fuel gas. On the other hand, when pure O 2 gas is used as cathode gas, the time constant for anode reaction is nearly equal to that for cathode reaction, leading that the equivalent circuit can be simplified as shown in Fig. 2 . In this case, the contribution of cathode reaction to R 1 becomes predominant and the anode reaction is ignorable. Thus, R 1 corresponds mostly to the cathode reaction resistance in this study.
The impedances (Z R0 , Z R1 , Z C1 ) of R 0 , R 1 and C 1 can be described as follows:
where j is an imaginary unit and ½ is angular frequency. The total impedance (Z) of the equivalent circuit shown in Fig. 2 can be described as formula (4) as follows:
Z can be expressed in a complex formula as follows:
where ZA and ZAA are a real part and an imaginary part of complex number Z. ZA and ZAA can be described by using formula (4) as follows:
From formulas (6) and (7), formula (8) can be derived as follows:
If the formula (8) is plotted in the Z'-Z" complex plane, a semicircle with centre coordinates (R 0 + R 1 /2, 0) and radius R 1 /2 is obtained as a Nyquist diagram. This semicircle intersects the ZA-axis at the points of R 0 and R 0 + R 1 . Therefore, two types of resistance, R 0 and R 1 , can be calculated by drawing the diagram. In general, it is supposed that R 0 has components coming from the bulk resistance of the proton exchange membrane and bipolar plates, and from that contact resistance. R 1 corresponds to a reaction resistivity of the electrode catalyst. In this study, the effect of bipolar plate material on power generation properties of a fuel cell was investigated. So, R 0 and R 1 of each fuel cell with three different type of bipolar plate material were calculated. spraying, is SUS316L stainless steel. The Ni 65 Cr 15 P 16 B 4 glassy alloy surface layer was deposited only on the plane with a flow field. There are some holes for the introduction of the gas from the side surface to flow field, but the glassy alloy was not deposited inside those holes. Figure 4 shows the XRD pattern of the Ni 65 Cr 15 P 16 B 4 glassy alloy deposited on a base plate. As seen in the figure, no sharp distinct peaks are observed in the 2ª range of 20 80°, indicating that the alloy possesses a single glassy phase. Subsequently, low-pressure plasma hydrophilic surface treatment was conducted for this Ni 65 Cr 15 P 16 B 4 glassy alloy bipolar plate. A hydroxyl structure is formed on the surface of the Ni 65 Cr 15 P 16 B 4 glassy alloy after the hydrophilic treatment. The surface of the glassy alloy bipolar plates showed hydrophobicity before the treatment and then hydrophilicity after the treatment. In this study, it was expected that the flooding inside a fuel cell could be avoided by the hydrophilic treatment of the flow field, leading to suppression of degradation of power generation behaviour of the cells. However, such treatment may raise the surface contact resistance of the bipolar plate.
Results and Discussion
Two bipolar plates with three different materials were prepared and a proton exchange membrane-electrode assembly (MEA) was put between those bipolar plates, assembling a single fuel cell with two current-collecting metal plates, two bipolar plates and one MEA. The activation of the proton exchange membrane is necessary, and thus IV measurement was conducted 30 times before the long-time power generation test for 100 h. The IV scan condition was as follows: current increased from 0 A step-by-step by 0.5 A, measurement time for each point was 5 s and if the voltage became lower than 0.3 V, the current decreased to 0 A stepby-step by 0.5 A. This operation is one IV scan. Figure 5 shows the results of the IV measurements obtained at the 30th scan. The maximum current densities of the single fuel cell with the glassy alloy bipolar plates and with the graphite bipolar plates were 0.84 A·cm ¹2 and 0.94 A·cm ¹2 at 0.3 V, respectively. The single fuel cell with SUS316L bipolar plates showed the value of about 0.1 A·cm ¹2 at 0.3 V, significantly lower than other two fuel cells. It is known that SUS316L stainless steel shows good corrosion resistivity and is thus used as a standard material for comparison in many fuel cell studies. 6) However, it did not show good IV performance in this study.
After the initial IV scans, power generation tests were conducted at a constant current density for 100 h. The results are shown in Fig. 6 . The current density for the fuel cell with graphite and glassy alloy bipolar plates was 0.2 A·cm ¹2 . The current density for SUS316L bipolar plates was 0.04 A·cm
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because the fuel cell with SUS316L bipolar plates could not run at 0.2 A·cm ¹2 . The cell voltage of the fuel cell with the graphite bipolar plates gradually increased with time during the long-time operation test for 100 h. This is because the initial activation by 30 IV scans was insufficient to fully activate the cell. In the case of the glassy alloy bipolar plates, the cell voltage slightly decreased at the initial stage of the long-time operation test and then remained constant at around 0.6 V. From these results, it was concluded that the fuel cell with the glassy alloy bipolar plates showed a good performance as did that with the graphite bipolar plates in practice. After the long-time power generation tests for 100 h, IV measurements were conducted 40 times. The IV curves obtained at the 40th scan are shown in Fig. 7 . The IV scan was repeated only 10 times for the SUS316L bipolar plates. The performance with the SUS316L bipolar plates was significantly low, far from those with two other bipolar plates. As can be seen in the figure, the maximum current density of the fuel cell with the glassy alloy bipolar plates was 0.82 A·cm ¹2 at a cell voltage of 0.3 V and that with the graphite bipolar plates was 1.02 A·cm ¹2 . Comparing the IV performance of the cells before (Fig. 5 ) and after the longtime power generation test and 40 subsequent IV scans (Fig. 7) , the maximum current density of the fuel cell with the glassy alloy bipolar plates was relatively unchanged. However, the maximum current density with the graphite bipolar plates slightly increased after the long-time power generation test and 40 subsequent IV scans (hereafter called "long-time test"). In order to understand the difference of those IV behaviours, impedance analysis was conducted for each fuel cell and the effect of the difference of bipolar materials was evaluated. Figure 8 shows the results of the impedance measurement for the three different bipolar plate materials. As explained above with formula (8), the impedance plot shows a semicircle in the ZA-ZAA plane. If we assume that R 0 is the total resistance originating from the bulk resistance of bipolar plates and the membrane and from their contact resistance, and that R 1 is the reaction resistance of electrode catalyst, the difference of power generation behaviour of the cells with three different bipolar plates can be understood by calculating R 0 and R 1 for each measurement. R 0 should be expected to change depending on bipolar plate materials. R 0 and R 1 values were obtained at the load DC current of 1 A for SUS316L bipolar plates and at 5 and 10 A for graphite and glassy alloy bipolar plates and summarized in Table 1 . Figure 8(a) shows the results for the SUS316L bipolar plates before and after the long-time test. Impedance measurements were conducted for the frequency range of 10 kHz to 0.1 Hz at a DC current of 1 A with a perturbed AC current of 10% of the DC current. R 0 was not changed after the long-time test, but R 1 was slightly decreased. This may be because the catalytic reaction was promoted during the longtime test. R 0 values before and after the long-time test were significantly larger than those for the graphite and the glassy alloy bipolar plates. Thus, it is understandable that the IV performance of the fuel cell with the SUS316L bipolar plates were much lower than those with other bipolar materials (graphite and glassy alloy). R 1 values for SUS316L bipolar Before (100 h test) After (100 h test + 40 scans) plates are also larger than those for the graphite and the glassy alloy bipolar plates. This is because the load current for SUS316L bipolar plates is smaller than those for the graphite and the glassy alloy bipolar plates. So, we cannot compare R 1 value for SUS316L bipolar plates to those values for other bipolar plates. Figure 8(b) shows the results of the impedance analyses for the fuel cell with the graphite bipolar plates. The data with a DC load current of 5 A was plotted as circles and of 10 A, squares. The radius of the semicircle (R 1 /2) decreased with increasing load current. This is because the increase in load current promotes electrode catalytic reaction, leading to the decrease in R 1 . On the contrary, R 0 is not changed by increasing load current, because the bulk resistance does not change even if the load current increases. Moreover, it was found that R 0 decreased significantly after the long-time test for both load DC currents. Since the bulk resistance of the graphite bipolar plates was not changed, the resistance of the polymer electrolyte membrane or the contact resistance between them seemed to be lowered, leading to the decrease in R 0 . On the contrary, the height of the semicircle (R 1 /2) was relatively unchanged after the long-time test (see Table 1 ). This implies that the catalytic reaction was not promoted after those long-time operations. At any rate, the decrease in R 0 contributed to the improvement of the IV property of the fuel cell with the graphite bipolar plates after the long-time test.
Before 100h test
Figure 8(c) shows the results of the impedance analyses for the fuel cell with the glassy alloy bipolar plates. R 0 decreased after the long-time test. On the contrary, R 1 increased after the long-time test due to degradation of electrode catalytic activity. This may be because metal ions from the glassy alloy or from the base metal SUS316L damaged the electrode catalytic activity of the membrane. Thus, total IV performance did not show any change, as seen in Figs. 5 and 7. By the hydrophilic surface treatment, hydroxyl bases were formed on the surface of the glassy alloy layer, which may lead to an increase in surface contact resistance. This can also affect the IV performance of the fuel cell with the glassy alloy bipolar plates. In the future, it will be necessary to optimize the conditions for surface hydrophilic treatment. In this study, significant increase in R 0 and R 1 during the measurements due to severe corrosion damage was not observed for three different materials. The drastic improvement of power generation performance of the fuel cell with the SUS316L bipolar plates was achieved by coating the NiCrPB glassy alloy on the SUS316L bipolar plates. The NiCrPB glassy alloy possesses good corrosion resistance. Moreover, NiCrPB glassy alloy powder was used as a feedstock of HVOF spray-coating. Thus, the surface roughness of the glassy alloy coated layer would correspond to the powder particle size, so it is presumable that the surface of the glassy alloy layer was so rough that the contact resistance decreased significantly lower than that between the SUS316L bipolar plate and polymer electrolyte. This also should contribute to better performance of the fuel cell with the glassy alloy bipolar plates than that with the SUS316L bipolar plates. At any rate, the present authors confirmed that the potential of glassy alloy as a bipolar plate material was clearly shown in this study.
Summary
In this study, Ni 65 Cr 15 P 16 B 4 glassy alloy-coated bipolar plates with a hydrophilic surface were produced and the power generation properties of a single fuel cell with such plates were investigated, and compared with those of SUS316L and graphite bipolar plates. The results are summarized below.
(1) The fuel cell with the glassy alloy-coated bipolar plates showed good IV performance after repeated IV scans for membrane activation as did the cell with the graphite bipolar plates. The cell with the SUS316L bipolar plates showed significantly lower IV performance than that with the other two bipolar plates. (2) After 30 IV scans for activation, a long-time power generation test was conducted at a current density of 0.2 A·cm ¹2 for the fuel cell with the graphite and the glassy alloy-coated bipolar plates and of 0.04 A·cm
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for that with the SUS316L bipolar plates. As a result, it was found that the fuel cell with the glassy alloycoated bipolar plates showed stable power generation behaviour, maintaining cell voltage at around 0.6 V. Cell voltage with the graphite bipolar plates gradually increased with time even during the long-time test, showing better power generation performance than that with the glassy alloy-coated ones. ( 3) The fuel cell with the glassy alloy-coated bipolar plates showed good IV performance and no significant degradation after the long-time power generation test for 100 h and 40 subsequent IV scans. The cell with the graphite bipolar plates showed higher IV performance than that with the glassy alloy-coated bipolar plates. (4) Impedance measurements were conducted for the fuel cell with the three different bipolar plates prepared in this study. The impedance parameters R 0 and R 1 of the cell with the SUS316L bipolar plates were much higher than those with the graphite and the glassy alloy-coated bipolar plates. This is the reason for the very low IV performance of the fuel cell with the SUS316L bipolar plates. The R 0 and R 1 for the graphite bipolar plates were lower than those for the glassy alloy bipolar plates. In particular, the R 0 value for the graphite bipolar plates drastically decreased after the long-time power generation test and 40 subsequent IV scans. This caused the higher IV performance of the cell with the graphite bipolar plates than that with the glassy bipolar plates. In the case of the glassy alloy-coated bipolar plates, R 0 decreased and R 1 increased after the longtime test. Thus, total IV performance was not degraded after the long-time test.
